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Abstract 
 
Fusarium head blight (FHB) is a devastating disease of cereals caused by Fusarium fungi. 
The disease is of great economic importance especially owing to reduced grain quality due 
to contamination by a range of mycotoxins produced by Fusarium. Disease control and 
prediction is difficult because of the many Fusarium species associated with FHB. Different 
species may respond differently to control methods and can have both competitive and 
synergistic interactions. Therefore, it is important to understand how agricultural practices 
affect Fusarium at the community level. 
 Lower levels of Fusarium mycotoxin contamination of organically produced cereals 
compared with conventionally produced have been reported, but the causes of these 
differences are not well understood. The aim of our study was to investigate the effect of 
agricultural factors on Fusarium abundance and community composition in different 
cropping systems. Winter wheat kernels were collected from 18 organically and 
conventionally cultivated fields in Sweden, paired based on their geographical distance and 
the wheat cultivar grown. We characterised the Fusarium community in harvested wheat 
kernels using 454 sequencing of translation elongation factor 1-a amplicons. In addition, we 
quantified Fusarium spp. using real-time PCR to reveal differences in biomass between 
fields. 
 We identified 12 Fusarium operational taxonomic units (OTUs) with a median of 
4.5 OTUs per field. Fusarium graminearum was the most abundant species, while F. 
avenaceum had the highest occurrence. The abundance of Fusarium spp. ranged two orders 
of magnitude between fields. Two pairs of Fusarium species co-occurred between fields: F. 
poae with F. tricinctum and F. culmorum with F. sporotrichoides. We could not detect any 
difference in Fusarium communities between the organic and conventional systems. 
However, agricultural intensity, measured as the number of pesticide applications and the 
amount of nitrogen fertiliser applied, had an impact on Fusarium communities, specifically 
increasing the abundance of F. tricinctum. There were geographical differences in the 
Fusarium community composition where F. graminearum was more abundant in the 
western part of Sweden. The application of amplicon sequencing provided a comprehensive 
view of the Fusarium community in cereals. This gives us better opportunities to understand 
the ecology of Fusarium spp., which is important in order to limit FHB and mycotoxin 
contamination in cereals. 
 
Keywords: Triticum aestivum; grain; Gibberella; high-throughput sequencing; pathogen 
ecology  
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1. Introduction 
 
Fusarium head blight (FHB) is an economically important disease in cereal production 
world-wide caused by a range of Fusarium species. The disease can cause important yield 
losses, but the most problematic aspect of FHB is the associated contamination by harmful 
mycotoxins produced by many Fusarium species (Parry et al., 1995). Important Fusarium 
toxins include deoxynivalenol (DON), nivalenol (NIV), HT-2 and T-2, zearalenone (ZEA) 
and fumonisins, that have negative effects on human and animal health (D’Mello et al., 
1999; Reddy et al., 2010). Furthermore, the possible health effects of several more recently 
discovered Fusarium toxins are not well understood (Jestoi, 2008).  In the EU, there are 
legislative limits for DON, ZEA and fumonisins in cereals designated for human 
consumption and recommended limits for animal feed (European Commission, 2006a, 
2006b). It is important to reduce human and animal exposure to Fusarium mycotoxins as 
well as the economic consequences for the farmer. These can be considerable since 
contaminated grain cannot be sold for food or feed. Fusarium fungi can produce significant 
amounts of mycotoxins already when the crop is growing in the field. Therefore, it is crucial 
to develop control measures that can reduce Fusarium infection and mycotoxin 
contamination in the field. 
  Fusarium head blight is caused by several Fusarium species of which F. 
graminearum, F. culmorum and F. avenaceum predominate, but up to 17 species have been 
associated with the disease (Parry et al., 1995). The many species involved in FHB makes 
the disease difficult to control. Different Fusarium species have different life cycles, host 
range, mycotoxin profiles, climatic preferences and respond differently to control methods 
(Xu and Nicholson, 2009). A better understanding of how environmental and agronomic 
factors affect the Fusarium community is important in order to make predictions and 
develop disease control strategies. 
 The Fusarium species involved in FHB generally produce asexual conidia, but some 
have sexual stages producing ascospores, e.g. F. graminearum (teleomorph Gibberella 
zeae) and F. avenaceum (teleomorph G. avenacea).  Others, e.g. F. culmorum produce 
thick-walled chlamydospores that can persist for years in soil (Sitton and Cook, 1981). 
Fusarium survives saprotrophically on crop residues in the field and can infect the following 
crop (Champeil et al., 2004; Parry et al., 1995). Dispersal of conidia from crop residues by 
rain splashing has been proposed as a major infection route, but wind dispersal can be 
important, especially for species producing ascospores (Champeil et al., 2004; Keller et al., 
2014). 
 Several agricultural practices and environmental factors are known to increase the 
risk of FHB (Champeil et al., 2004; Edwards, 2004). The crop is most susceptible at 
flowering and warm and wet weather conditions during this period favour F. graminearum 
infection and subsequent DON contamination (Obst et al., 1997). High nitrogen application 
and minimum tillage appears to be risk factors of Fusarium infection (Martin, 1991; Obst et 
al., 1997). The preceding crop is also important, where maize has been associated with the 
highest risk (Dill-Macky and Jones, 2000; Obst et al., 1997). 
 Fungicides have often shown limited and inconsistent efficacy against Fusarium 
infection and mycotoxin contamination (Parry et al., 1995). For example, in field trials 
inoculated with F. culmorum or F. graminearum FHB disease severity was reduced by 25-
77% depending on cultivar, location and type of fungicide (Haidukowski et al., 2005). 
Fungicide application at flowering appears to be the most efficient in reducing Fusarium 
incidence and DON contamination (Chala et al., 2003). In contrast, fungicide application at 
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the beginning of heading to target leaf diseases may even increase Fusarium infection 
(Henriksen and Elen, 2005).  
 Interestingly, several studies have shown lower or equal levels of Fusarium and 
mycotoxin contamination in organic cereal production than in conventional production 
(Bernhoft et al., 2010; Birzele et al., 2002; Edwards, 2009; Gottschalk et al., 2009; Meister, 
2009). In the UK, Edwards (2009) observed lower levels of HT-2 and T-2 in organically 
produced wheat, but no difference in DON contamination. Other studies identified lower 
DON levels in organically produced wheat than in conventionally produced (Bernhoft et al., 
2010; Birzele et al., 2002). The cause of the lower mycotoxin contamination in organic 
production is poorly understood, but certain farming practices differing between the two 
systems have been proposed as explanations (Bernhoft et al., 2010; Edwards, 2009).  
 Characterising Fusarium communities using culturing is time-consuming and risk 
overestimating fast-growing species. Real-time PCR detection with species-specific primers 
requires many assays to cover all species involved in FHB. High-throughput amplicon 
sequencing (HTS) has enabled larger and more detailed studies of fungal communities 
(Meiser et al., 2014). However, the internal transcribed spacer (ITS), which is commonly 
used as a barcode for fungi (Schoch et al., 2012), lack species-level resolution for Fusarium 
(O’Donnell and Cigelnik, 1997). Recently, new Fusarium-specific primers targeting the 
translation elongation factor 1-a (TEF1) gene has been developed and employed to 
characterise Fusarium communities using HTS (Edel-Hermann et al., 2015; Karlsson et al., 
2016). This new method enables the study of Fusarium in cereals as a community.  
 Pairing of organic and conventional farms or fields is often used to control for 
confounding factors such as climate or cultivar (Bernhoft et al., 2010; Granado et al., 2008). 
However, pairing could select for non-representative farms (Hole et al., 2005). Therefore, 
we used an agricultural intensity index to directly estimate two of the most important factors 
differing between conventional and organic systems: pesticide application and amount of 
nitrogen fertilisation.  
 In the present study, harvested wheat kernels were collected from pairs of 
organically and conventionally managed wheat fields in Sweden. Fields were paired to 
account for variability due to wheat cultivar and geographic location. The Fusarium 
community on the kernels was characterised using amplicon sequencing and real-time PCR. 
The aims of the study were: 1) to characterise the Fusarium community composition and 
abundance in harvested kernels in Sweden; and 2) to investigate the impact of agricultural 
factors on the Fusarium community in organic and conventional production.  
 
2. Materials and methods 
 
2.1 Sampling and data collection 
Twelve pairs of organically and conventionally managed fields in central Sweden were 
included in the study (Fig. 1). Fields were paired to limit variation due to other factors than 
cropping system. Two conditions were used to pair the fields: 1) they had to lie close to 
each other; and 2) they had to contain the same winter wheat cultivar. Paired fields were 
adjacent or located between 0.5-9.5 km from each other and grew either winter wheat 
varieties ‘Olivin’ or ‘Stava’.  
 At harvest 2012, farmers were asked to send a sample of harvested kernels from the 
fields. The farmers were asked to combine several subsamples into a representative sample 
of the field. Earlier in the season, in July 2012, wheat leaves were collected from the same 
fields and a number of additional data were collected at the same time (Karlsson et al., 
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2017). At the start and end of the transect used for leaf sampling, two 0.25 m2 squares were 
laid out and weeds and crop plants in each square were cut and the biomass was separated, 
dried for 24 h at 105°C and weighed to determine dry mass. The farmers managing the 
different fields were interviewed about the preceding crops, soil tillage, pesticides, 
fertilisation and other measures applied in the sampled fields (Table S1).  
 These data were also used to calculate the agricultural intensification index proposed 
by Herzog et al., (2006) for each field. The original index includes three indicators: 
livestock density, amount of nitrogen applied (kg/ha) and number of pesticide applications. 
Only the two latter were applicable to our study. 
2.2 DNA extraction, PCR and 454 sequencing 
In total, 18 farmers out of 24 provided a sample of harvested wheat kernels from the fields 
sampled in July. From each sample of about 1 kg wheat kernels, 100 g were milled with a 
Grindomix GM 200 (Retsch GmbH, Germany). DNA was extracted from two 100 mg 
subsamples for each milled sample using the DNeasy Plant Mini kit (Qiagen, Germany) 
according to the manufacturer’s instructions. Kernel material, 300 µl 1 mm glass beads and 
530 µl lysis buffer was added to a tube and the samples were run at 30 000 min-1 for 40 s on 
a Retsch MM 400 oscillatory mill. DNA extraction was completed in a QiaCube (Qiagen). 
Two water controls were included during the DNA extraction. DNA from the two extraction 
replicates was pooled before PCR.  
 A portion of the TEF1 gene was amplified using Fusarium-specific primers Fa 
(TCGTCATCGGCCACGTCGACTCT) and Ra (CAATGACGGTGACATAGTAGCG) 
(Edel-Hermann et al., 2015). PCR was run in 25 µl reactions containing 0.8 ng/µl template, 
190 µM of each nucleotide, 2.75 mM MgCl2, primers at 200 nM and 0.12 U/µl polymerase 
(DreamTaq Green, Thermo Scientific, MA, USA) in PCR buffer. The PCR conditions on a 
2720 Thermal Cycler (Life Technologies, Carlsbad, CA, USA) were 3 min at 94°C, 20-33 
cycles of [1 min at 94°C, 1 min at 67°C, 1 min at 72°C] and 10 min at 72°C. Size and 
concentration of amplicons was evaluated on 1% agarose gels. The Fa primer was tagged 
with a 9 bp sample identifying tag (Karlsson et al., 2016, supplemental file 1). In order to 
limit the risk of errors associated with many PCR cycles, the number of cycles was adapted 
for each sample to give weak to moderately strong bands on the gel.  
 PCR products were purified using AMPure beads (Beckman Coulter, CA, USA). 
DNA concentration was measured using capillary electrophoresis on a MultiNA (Shimadzu, 
Japan) and equal amount of DNA was pooled from each sample. The sample pool was sent 
to Eurofins MWG Gmbh (Germany) for adaptor ligation and sequencing on 1/4 of a plate 
using a GS FLX++ 454 sequencer (Roche, Switzerland). Before sequencing the amplicon 
pool was purified by gel extraction. Raw sequence data were deposited in the Sequence 
Read Archive (http://www.ncbi.nlm.nih.gov/sra) under accession number SRP061762. 
2.3 Bioinformatics and species identification 
Raw 454 sequence data were quality filtered and clustered using the SCATA pipeline 
(Brandström Durling et al., [http://scata.mykopat.slu.se]) as described previously (Karlsson 
et al., 2016). Briefly, sequences were screened for matches to the primer sequences 
(allowing 1 mismatch) and the sample identifying tags. Sequences shorter than 500 bp and 
those with low quality scores were discarded. Sequences passing the quality control step 
were clustered into operational taxonomic units (OTUs) at 1.5% dissimilarity cut-off in 
SCATA. Mock communities of 10 Fusarium species were included as positive controls as 
described in a previous publication (Karlsson et al., 2016). The mock communities were 
used to determine the cut-off which best reflected Fusarium species and to set a limit for 
low-abundance OTUs as these may be the result of sequencing and PCR errors (Tedersoo et 
al., 2010). Consequently, OTUs with less than eight reads per OTU were removed as these 
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occurred as contaminants in the mock communities. In addition, singletons were removed 
on a per-sample-basis. 
 A first screening for Fusarium OTUs was done by subjecting the most abundant 
sequence in each OTU to a BLAST search against sequences in GenBank. OTUs that did 
not yield any hit with identity and coverage >70% were considered chimeric or artificial and 
removed. The remaining OTUs were screened for hits to Fusarium species or their 
teleomorph names, which were included in further analyses. Fusarium species identification 
was performed by including reference Fusarium TEF1 sequences in the clustering in 
SCATA. For OTUs related to F. avenaceum, BLAST analysis was performed with 
sequences in GenBank. The OTUs were identified to the species level with 99.4% similarity 
or more. Only sequences associated with a publication and a description of the 
corresponding strain were considered. 
2.4 Real-time PCR quantification 
The amount of Fusarium DNA was quantified with real-time PCR using the Fa/Ra primers 
as above at 500 nM (Edel-Hermann et al., 2015). The PCR conditions were 98°C for 2 min 
and 40 cycles of 98°C for 15 s, 67°C for 15 s and 72°C for 1 min. Wheat samples were 
diluted 1:10 before PCR. A dilution series of a mix of DNA from ten Fusarium species 
containing 0.003-3 ng per reaction was used to generate a standard curve.  
 Wheat DNA was quantified to account for variation in moisture content and DNA 
extraction efficiency between samples (Schena et al., 2013). A portion of the TEF1 gene 
was amplified with plant-specific primers Hor1 and Hor2 at 400 nM (Nicolaisen et al., 
2009). The PCR conditions were 2 min at 98°C, 40 cycles of [5 s at 98°C, 10 s at 60°C]. A 
10-fold dilution series of DNA from wheat kernels containing 0.005-50 ng per reaction was 
used to generate a standard curve.  
 All samples were run in triplicate 12.5 µl reactions containing 2.5 µl template in 
Evagreen master mix (Biotium, CA, USA). PCR was run on a CFX Thermal cycler (Biorad, 
Carlsbad, CA, USA), followed by dissociation curve analysis at 65-95°C. Fusarium 
abundance was estimated as pg Fusarium DNA per 100 ng of wheat DNA. 
2.5 Statistics 
The OTU table generated from 454 sequencing data was multiplied with the amount of 
Fusarium present estimated with real-time PCR and was used as input for the statistical 
analyses. All statistical analyses were performed in R (R Core Team, 2014). 
 Pairwise co-occurrence of Fusarium OTUs was tested using the probabilistic model 
implemented in the ‘cooccur’ package version 1.2 (Griffith et al., 2016). OTU pairs with 
only one co-occurrence were excluded from the analysis, which left 28 pairs tested. 
 In order to visualise Fusarium community composition between fields, non-metric 
multidimensional scaling (NMDS) was applied using the function metaMDS in the ‘Vegan’ 
package (Oksanen et al., 2013). The NMDS was performed on Bray-Curtis dissimilarities 
calculated from log-transformed data to account for unequal variance between abundant and 
rare species. Subsequently, continuous explanatory variables were fitted to the ordination 
using the envfit function.  
 The effect of cropping system and agricultural intensity on Fusarium community 
composition was tested using multivariate generalised linear models (GLMs). A model 
including the number of 454 reads, field pair and cropping system was fitted to each OTU 
using the manyglm function in the ‘mvabund’ package with a negative binomial probability 
distribution package (Wang et al., 2012). Significance was assessed using the anova 
function in ‘mvabund’, which provides a multivariate test for the community composition 
and univariate tests for each OTU. The likelihood-ratio test was used and p-values were 
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adjusted for multiple testing. Interview data from one of the fields (12C) was incomplete 
and was therefore excluded from the analysis of agricultural intensity. 
 Finally, the effect of agricultural variables on Fusarium communities was evaluated 
with redundancy analysis (RDA) using the rda function in the ‘Vegan’ package. Correlated 
variables were avoided, e.g. the amount of nitrogen applied which is correlated with crop 
biomass. Model selection started from a model including the number of 454 reads and field 
pair as conditional variables. Crop diversity, type of fertiliser, crop biomass, weed biomass, 
number of fungicide applications and type of soil tillage were included in the model 
selection. Crop diversity was calculated as the number of different crops grown on the fields 
in the last three years. Leys were counted as two crops regardless of the duration of the ley. 
Forward model selection was performed with the ordistep function and data were log-
transformed prior to analysis. Statistical significance of the final model was assessed using 
the anova.cca function performing an ANOVA-like permutation test for RDA.  
 
3. Results 
 
Fusarium TEF1 sequences were obtained from harvested kernels from all fields by high-
throughput 454 sequencing. The number of 454 reads per sample was 497-3681 with a 
median of 1982. In total, 12 Fusarium operational taxonomic units (OTUs) were identified 
from 18 samples of winter wheat kernels (Fig. 2a). Reads were distributed between four 
different OTUs related to F. avenaceum. The number of Fusarium OTUs per field ranged 
from two to eight with a median of 4.5. Fusarium avenaceum was the most frequent species 
recovered and was present in 94% of fields, followed by F. poae (83%), F. graminearum 
(78%) and F. tricinctum (72%) (Table S2). The amount of Fusarium DNA in the samples 
was 20-1667 pg per 100 ng wheat DNA (Fig. 2b). In terms of abundance, F. graminearum 
dominated the dataset with 84% of total DNA, followed by F. avenaceum (11%), F. 
culmorum (2.4%) and F. tricinctum (1.6%) (Table S2). Two pairs of Fusarium species co-
occurred between fields. F. poae and F. tricinctum (p=0.012) and F. culmorum and F. 
sporotrichoides (p=0.022).  
 The GLM analysis revealed no significant difference in Fusarium community 
composition between organically and conventionally grown wheat kernels (Table 1a). 
However, agricultural intensity had an impact on Fusarium community composition (Table 
1b). F. tricinctum was associated with higher agricultural intensity (Table 2, Fig. 3b). The 
mean agricultural intensity index was 80 and 11 for conventionally and organically 
managed fields, respectively. 
 Pairs of organically and conventionally managed fields were distributed on a 
gradient from the north-east to the south-west of Sweden. The variable field pair was 
included in the analyses and the GLM analysis revealed a significant difference between 
field pairs (Table 1). There was a significant difference in the abundance of Fusarium 
graminearum between field pairs and this species was more common towards the south-
west of the sampling area (Table 2 and Fig. 3b).  
 Model selection including crop diversity, type of fertiliser, crop biomass, weed 
biomass, number of fungicide applications and type of soil tillage was performed to find the 
most important factors affecting Fusarium community composition. Soil tillage – ploughing 
or reduced tillage - was the only significant variable. However, only two fields were subject 
to reduced tillage (Fig. 3a). In the RDA with the selected model 83% of inertia were 
attributed to the conditional variables (field pair and 454 reads), 8% to constrained (soil 
tillage) and 9% to unconstrained inertia. The permutation test for RDA showed a significant 
effect of soil tillage (F=4.02, p=0.033).  
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4. Discussion 
 
Several Fusarium OTUs were present in variable amounts in wheat kernels from all fields 
investigated in the present study. Surveys of individual fusaria in cereals in the Nordic 
countries often report high incidence of several species (Eskola et al., 2001; Fredlund et al., 
2013; Kosiak et al., 2003; Lindblad et al., 2013; Nielsen et al., 2011).  Fusarium spp. are 
also common in relation to other fungi present on wheat kernels. In Argentina, F. 
graminearum was the second most abundant fungus isolated from wheat kernels after 
Alternaria alternata (González et al., 2008). Using HTS of the ITS region, Alternaria and 
an OTU including F. graminearum and closely related species were the two most abundant 
fungal OTUs recovered from wheat kernels in Denmark (Nicolaisen et al., 2014). It has also 
been reported that Fusarium fungi only constitute a minor part of the fungal community of 
wheat heads (Hertz et al., 2016). 
 The TEF1 marker gene provided species-level resolution for the Fusarium 
community in our samples, and within-species variation was detected for F. avenaceum. 
Fusarium avenaceum is known to harbor high intra-specific diversity (Nalim et al., 2009). 
One of the F. avenaceum OTUs dominated with 24% of the reads followed by three minor 
ones (<2% of the reads). No pattern was identified regarding the distribution of the different 
F. avenaceum OTUs, but correlation between intra-specific variation and geographic 
distribution has been revealed in other fungi using amplicon sequencing (Millberg et al., 
2015).  
All samples in our study contained at least two but up to eight different Fusarium 
OTUs. The use of HTS of amplicon markers is clearly advantageous for detecting many 
Fusarium species simultaneously. Amplicon sequencing does not require beforehand 
selection of which species to survey, as opposed to real-time PCR with species-specific 
primers. Therefore, amplicon sequencing is especially useful for detecting Fusarium species 
colonizing new areas. Amplicon sequencing provides the relative abundance of each species 
in a community but not the total abundance. Therefore, we complemented the HTS data 
with real-time PCR quantification of Fusarium spp. using the same primers. Fusarium DNA 
was estimated to vary 100-fold between samples. The TEF1 is single-copy in Fusarium 
(Geiser et al., 2004), which allows for quantitative comparisons of both total and relative 
abundances between species. In our previous study, the relative abundance of Fusarium 
species in mock communities varied ±8% between F. graminearum, F. avenaceum, F. 
langsethiae and F. tricinctum, indicating comparable amplification efficiencies (Karlsson et 
al., 2016). We conclude that the combination of these two methods provided a detailed 
description of the Fusarium community present on winter wheat kernels.  
 Fusarium graminearum was the most abundant species, while F. avenaceum had the 
highest incidence in our study. Fusarium species present on wheat has been analysed in 
earlier studies in Sweden using PCR (Djurle et al., 2010; Lindblad et al., 2013). In the study 
by Lindblad et al., (2013), F. avenaceum and F. poae were present in 94-100% of all winter 
wheat samples in 2009 and 2011, F. culmorum in 90% and F. graminearum in 75-90% of 
samples. F. tricinctum and F. langsethiae had more variable presence and were recovered 
with 61-100% and 58-94% frequency, respectively. Djurle et al., (2010) reported that F. 
poae, F. avenaceum and F. langsethiae were the most common species in wheat in 2008 
and 2009, while F. culmorum and F. graminearum were detected less often. Thus, F. poae 
and F. avenaceum had high incidence in all three studies, while for example F. 
graminearum and F. langsethiae had more variable presence that could be due to yearly 
variations in climate conditions. 
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 We found that F. graminearum was more prevalent in the south-western part of the 
sampling area. This area has been particularly affected by high DON levels during 2011 and 
2012 (http://www.lantbruk.com/node/104902, retrieved 06-01-2017), which was also 
observed by Lindblad et al., (2013) who reported high levels of F. graminearum. The cause 
of the high DON levels in Western Sweden is not well understood but the climate conditions 
were favourable for Fusarium during 2011. DON can be produced by both F. graminearum 
and F. culmorum. However, Lindblad et al., (2013) found the strongest correlation between 
F. graminearum and DON.  
 Previously, F. culmorum was considered more common in Northern Europe and F. 
graminearum more common in Southern Europe (Bottalico and Perrone, 2002). A shift in 
dominant species from F. culmorum to F. graminearum has been described in Northern 
Europe in recent years (Jennings et al., 2004; Nielsen et al., 2011; Stępień et al., 2008; 
Waalwijk et al., 2003). In North America, a shift in the population structure of F. 
graminearum towards more toxigenic populations has been observed (Ward et al., 2008). 
Climate factors, increased practice of reduced tillage and maize cultivation have been 
proposed as potential causes of this shift (Nielsen et al., 2011). Higher temperatures and 
more rainfall in a future climate can be expected to cause higher incidence of FHB, and 
more favourable conditions for ascospore formation by F. graminearum to increase the 
spread of this species (Parikka et al., 2012).  
 In addition to the DON-producers, other toxigenic species were also detected. F. 
sporotrichoides and F. langsethiae produce the highly toxic HT-2 and T-2 toxins (Thrane et 
al., 2004). Fusarium poae is known to produce nivalenol and beauvericin (Thrane et al., 
2004), F. avenaceum to produce moniliformin and enniatins (Morrison et al., 2002) and F. 
tricinctum to produce enniatins (Cuomo et al., 2013). We did not measure mycotoxin 
content, but the range of Fusarium species present indicate a potential for mycotoxin 
formation in the sampled fields.  
 The co-occurrence analysis showed that two pairs of Fusarium species co-occurred 
between fields: F. poae with F. tricinctum and F. culmorum with F. sporotrichoides, but no 
negative correlations were observed. Fusarium species may have both synergistic and 
competitive interactions. In a controlled experiment by Xu et al., (2007), co-inoculation of 
several Fusarium species resulted in mostly competitive interactions where F. graminearum 
was the most competitive species. Furthermore, competition resulted in decreased amount of 
fungal biomass while mycotoxin production increased (Xu et al., 2007). Co-occurrence 
patterns may also depend on indirect associations where two species prefer the same 
environmental conditions rather than direct interactions. 
 Other studies of Fusarium species associations in cereals have identified variable 
patterns. In Norway, F. culmorum and F. sporotrichoides were found to be positively 
correlated, as in our study,  as well as F. culmorum and F. avenaceum (Bernhoft et al., 
2010). In the same study, several negative correlations between F. graminearum and other 
species were found. In a study including Hungary, Ireland, Italy and the UK, F. culmorum 
was positively correlated to F. avenaceum and negatively correlated to F. poae at harvest, 
but for some two-species interactions the results varied between countries (Xu et al., 2005). 
In a study by Infantino et al., (2012) significant associations were found between F. 
graminearum and F. avenaceum in bread wheat over three years as well as between F. 
culmorum and F. equiseti. The various statistical methods used to assess species co-
occurrence may contribute to the variable patterns reported. Species co-occurrence patterns 
may also depend on the scale studied, if at the level of individual plants, or at field- or plot-
scale where many individuals are mixed as in our study. Exhaustive sampling of all 
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Fusarium species present in a sample using HTS will facilitate the detection of co-
occurrence patterns of Fusarium in cereals. 
In our study, we could not detect any difference in Fusarium community 
composition and abundance between the organic and conventional systems. The was a large 
variation in both species composition and amount of Fusarium DNA between the fields. 
This heterogeneity could be the result of local environmental conditions or dispersal 
limitations and calls for selecting a larger number of fields for comparing Fusarium 
communities over different regions. Here we did not account for within-field variation 
which can be important (Oerke et al., 2010), and could have contributed to the observed 
variation.  
Mycotoxin contamination of organically and conventionally produced grain was 
compared in a recent review, it could not be concluded that either of the systems increases 
the risk of mycotoxin contamination (Brodal et al., 2016). However, several studies have 
reported lower amounts of Fusarium and mycotoxin contamination in organic cereal 
production than in conventional production (Bernhoft et al., 2010; Edwards, 2009; 
Gottschalk et al., 2009; Meister, 2009). Pesticide use, high nitrogen application and cereal 
intense rotations in the conventional system have been hypothesised to cause these 
differences (Bernhoft et al., 2010; Edwards, 2009). Perhaps, there is an interaction between 
cropping system, environmental conditions and Fusarium epidemiology so that differences 
between the two systems only occur under certain conditions. 
  Pairing based on wheat cultivar may have selected for non-representative farms as 
different cultivars are often grown in the two systems. Organic agriculture is governed by 
specific criteria, while variation in cropping practices could potentially be large within the 
conventional system. We used an agricultural intensity index, including the number of 
pesticide applications and the amount of nitrogen applied, reflecting some of the important 
differences between the organic and conventional systems. We found that agricultural 
intensity affected the Fusarium community present in wheat kernels. Specifically, F. 
tricinctum was positively correlated with higher agricultural intensity. Previously, Bernhoft 
et al., (2010) reported lower infestation of wheat kernels by F. tricinctum, but also F. 
culmorum and F. langsethiae in organically produced wheat.  
 Of the different agricultural variables evaluated, soil tillage was found to be 
important for Fusarium community composition. But only two fields had been subjected to 
reduced tillage (2C and 3C), making it difficult to draw a definite conclusion. Higher 
incidence and severity of FHB has previously been reported in low- and no-tillage 
treatments (Dill-Macky and Jones, 2000). In our study, the two fields subjected to reduced 
tillage had rather low Fusarium abundance. The effect of reduced tillage may be driven by 
differences in community composition rather than abundance. Figure 2a indicates that F. 
langsethiae was present in these two fields, but only occurred in two more fields and then 
constituted less than 1% of the community.  
In addition to environmental and agricultural factors, we would like to introduce the 
possible role of naturally occurring microorganisms for Fusarium contamination of cereals. 
In a greenhouse experiment, Liggitt et al., (1997) found that inoculation of wheat ears with 
saprotrophic fungi before F. culmorum inoculation reduced FHB severity. In the field, the 
phyllosphere of cereals harbour a diverse fungal community that is affected by cultural 
practices (Karlsson et al., 2014; Sapkota et al., 2015). Interactions between Fusarium and 
other fungi are likely to occur in the phyllosphere. Gradual upward movement of Fusarium 
infections towards the head throughout the season has been reported (Zinkernagel et al., 
1997) and several Fusarium species have been identified on green leaves (Köhl et al., 2007; 
Vujanovic et al., 2012). Therefore, the interaction between the phyllosphere community and 
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Fusarium is a factor to consider when trying to understand Fusarium occurrence in different 
cropping systems in further studies. 
In conclusion, we show that the structure of Fusarium communities in wheat is 
complex and dependent on both geographic location and agricultural practices. A 
combination of molecular methods targeting both community composition and abundance 
with multivariate statistics can be used to better understand the multiple agricultural and 
environmental factors affecting Fusarium communities. This knowledge will be important 
for developing strategies to predict and control FHB.  
 
Acknowledgements 
 
We would like to thank the farmers for their participation in the study. We also thank 
Véronique Edel-Hermann for help with identification of Fusarium OTUs and Maria 
Jonsson, Maria Kedmark and Rickard Almers for technical assistance. This work was 
supported by the Swedish Research Council for Environment, Agricultural Sciences and 
Spatial Planning (Formas), [grant number 2010-1945]. The funder had no role in study 
design, data collection and interpretation, writing of the report, or the decision to submit the 
work for publication. 
 
References 
Bernhoft, A., Clasen, P.-E., Kristoffersen, A.B., Torp, M., 2010. Less Fusarium infestation and mycotoxin 
contamination in organic than in conventional cereals. Food Addit. Contam. - Part Chem. Anal. Control 
Expo. Risk Assess. 27, 842–852. 
Birzele, B., Meier, A., Hindorf, H., Kramer, J., Dehne, H., 2002. Epidemiology of Fusarium infection and 
deoxynivalenol content in winter wheat in the Rhineland, Germany. Eur. J. Plant Pathol. 108, 667–673. 
https://doi.org/10.1023/A:1020632816441 
Bottalico, A., Perrone, G., 2002. Toxigenic Fusarium species and Mycotoxins Associated with Head Blight in 
Small-Grain Cereals in Europe. Eur. J. Plant Pathol. 108, 611–624. 
https://doi.org/10.1023/A:1020635214971 
Brodal, G., Hofgaard, I.S., Eriksen, G.S., Bernhoft, A., Sundheim, L., 2016. Mycotoxins in organically versus 
conventionally produced cereal grains and some other crops in temperate regions. World Mycotoxin J. 9, 
755–770. https://doi.org/10.3920/WMJ2016.2040 
Chala, A., Weinert, J., Wolf, G.A., 2003. An Integrated Approach to the Evaluation of the Efficacy of Fungicides 
Against Fusarium culmorum, the Cause of Head Blight of Wheat. J. Phytopathol. 151, 673–678. 
https://doi.org/10.1046/j.1439-0434.2003.00787.x 
Champeil, A., Doré, T., Fourbet, J.F., 2004. Fusarium head blight: epidemiological origin of the effects of cultural 
practices on head blight attacks and the production of mycotoxins by Fusarium in wheat grains. Plant Sci. 
166, 1389–1415. https://doi.org/10.1016/j.plantsci.2004.02.004 
Cuomo, V., Randazzo, A., Meca, G., Moretti, A., Cascone, A., Eriksson, O., Novellino, E., Ritieni, A., 2013. 
Production of enniatins A, A1, B, B1, B4, J1 by Fusarium tricinctum in solid corn culture: Structural 
analysis and effects on mitochondrial respiration. Food Chem., Special Issue: Food Quality Evaluation 
140, 784–793. https://doi.org/10.1016/j.foodchem.2012.10.136 
Dill-Macky, R., Jones, R.K., 2000. The Effect of Previous Crop Residues and Tillage on Fusarium Head Blight of 
Wheat. Plant Dis. 84, 71–76. https://doi.org/10.1094/PDIS.2000.84.1.71 
Djurle, A., Grundzinska-Sterno, M., Rasmussen, P.H., Yuen, J., 2010. Incidence of Fusarium species and 
mycotoxins in Swedish winter wheat fields., in: FOKUS. Presented at the Nordic Baltic Fusarium Seminar 
(NBSF). 
D’Mello, J.P.F., Placinta, C.M., Macdonald, A.M.C., 1999. Fusarium mycotoxins: a review of global implications 
for animal health, welfare and productivity. Anim. Feed Sci. Technol. 80, 183–205. 
https://doi.org/10.1016/S0377-8401(99)00059-0 
Edel-Hermann, V., Gautheron, N., Mounier, A., Steinberg, C., 2015. Fusarium diversity in soil using a specific 
molecular approach and a cultural approach. J. Microbiol. Methods 111, 64–71. 
https://doi.org/10.1016/j.mimet.2015.01.026 
Edwards, S.G., 2009. Fusarium mycotoxin content of UK organic and conventional wheat. Food Addit. Contam. - 
Part Chem. Anal. Control Expo. Risk Assess. 26, 496–506. 
 
 
12 
Edwards, S.G., 2004. Influence of agricultural practices on Fusarium infection of cereals and subsequent 
contamination of grain by trichothecene mycotoxins. Toxicol. Lett., Trichothecenes with a special focus on 
DON 153, 29–35. https://doi.org/10.1016/j.toxlet.2004.04.022 
Eskola, M., IV, Pä.P., Rizzo, A., 2001. Trichothecenes, ochratoxin A and zearalenone contamination and Fusarium 
infection in Finnish cereal samples in 1998. Food Addit. Contam. 18, 707–718. 
https://doi.org/10.1080/02652030117587 
European Commission, 2006a. Commission Regulation (EC) No 1881/2006. OJ 364 20122006 P 5–24. 
European Commission, 2006b. Commission Recommendation 2006/576/EC. OJ 229 2382006 P 7–9. 
Fredlund, E., Gidlund, A., Sulyok, M., Börjesson, T., Krska, R., Olsen, M., Lindblad, M., 2013. Deoxynivalenol and 
other selected Fusarium toxins in Swedish oats — Occurrence and correlation to specific Fusarium 
species. Int. J. Food Microbiol. 167, 276–283. https://doi.org/10.1016/j.ijfoodmicro.2013.06.026 
Geiser, D.M., Jimenez-Gasco, M.D., Kang, S.C., Makalowska, I., Veeraraghavan, N., Ward, T.J., Zhang, N., 
Kuldau, G.A., O’Donnell, K., 2004. FUSARIUM-ID v. 1.0: A DNA sequence database for identifying 
Fusarium. Eur. J. Plant Pathol. 110, 473–479. https://doi.org/10.1023/B:EJPP.0000032386.75915.a0 
González, H.H.L., Moltó, G.A., Pacin, A., Resnik, S.L., Zelaya, M.J., Masana, M., Martínez, E.J., 2008. 
Trichothecenes and Mycoflora in Wheat Harvested in Nine Locations in Buenos Aires Province, 
Argentina. Mycopathologia 165, 105–114. https://doi.org/10.1007/s11046-007-9084-x 
Gottschalk, C., Barthel, J., Engelhardt, G., Bauer, J., Meyer, K., 2009. Simultaneous determination of type A, B and 
D trichothecenes and their occurrence in cereals and cereal products. Food Addit. Contam. Part -Chem. 
Anal. Control Expo. Risk Assess. 26, 1273–1289. https://doi.org/10.1080/02652030903013260 
Granado, J., Thürig, B., Kieffer, E., Petrini, L., Flieβbach, A., Tamm, L., Weibel, F.P., Wyss, G.S., 2008. Culturable 
Fungi of Stored ‘Golden Delicious’ Apple Fruits: A One-Season Comparison Study of Organic and 
Integrated Production Systems in Switzerland. Microb. Ecol. 56, 720–732. https://doi.org/10.1007/s00248-
008-9391-x 
Griffith, D.M., Veech, J.A., Marsh, C.J., 2016. cooccur: Probabilistic Species Co-Occurrence Analysis in R. J. Stat. 
Softw. 69. https://doi.org/10.18637/jss.v069.c02 
Haidukowski, M., Pascale, M., Perrone, G., Pancaldi, D., Campagna, C., Visconti, A., 2005. Effect of fungicides on 
the development of Fusarium head blight, yield and deoxynivalenol accumulation in wheat inoculated 
under field conditions with Fusarium graminearum and Fusarium culmorum. J. Sci. Food Agric. 85, 191–
198. https://doi.org/10.1002/jsfa.1965 
Henriksen, B., Elen, O., 2005. Natural Fusarium grain infection level in wheat, barley and oat after early application 
of fungicides and herbicides. J. Phytopathol. 153, 214–220. https://doi.org/10.1111/j.1439-
0434.2005.00955.x 
Hertz, M., Jensen, I.R., Jensen, L.Ø., Thomsen, S.N., Winde, J., Dueholm, M.S., Sørensen, L.H., Wollenberg, R.D., 
Sørensen, H.O., Sondergaard, T.E., Sørensen, J.L., 2016. The fungal community changes over time in 
developing wheat heads. Int. J. Food Microbiol. 222, 30–39. 
https://doi.org/10.1016/j.ijfoodmicro.2016.01.018 
Herzog, F., Steiner, B., Bailey, D., Baudry, J., Billeter, R., Bukacek, R., De Blust, G., De Cock, R., Dirksen, J., 
Dormann, C.F., De Filippi, R., Frossard, E., Liira, J., Schmidt, T., Stockli, R., Thenail, C., van Wingerden, 
W., Bugter, R., 2006. Assessing the intensity of temperate European agriculture at the landscape scale. Eur. 
J. Agron. 24, 165–181. https://doi.org/10.1016/j.eja.2005.07.006 
Hole, D.G., Perkins, A.J., Wilson, J.D., Alexander, I.H., Grice, P.V., Evans, A.D., 2005. Does organic farming 
benefit biodiversity? Biol. Conserv. 122, 113–130. https://doi.org/16/j.biocon.2004.07.018 
Infantino, A., Santori, A., Shah, D.A., 2012. Community structure of the Fusarium complex on wheat seed in Italy. 
Eur. J. Plant Pathol. 132, 499–510. https://doi.org/10.1007/s10658-011-9892-1 
Jennings, P., Coates, M.E., Walsh, K., Turner, J.A., Nicholson, P., 2004. Determination of deoxynivalenol- and 
nivalenol-producing chemotypes of Fusarium graminearum isolated from wheat crops in England and 
Wales. Plant Pathol. 53, 643–652. https://doi.org/10.1111/j.0032-0862.2004.01061.x 
Jestoi, M., 2008. Emerging Fusarium-Mycotoxins Fusaproliferin, Beauvericin, Enniatins, And Moniliformin - A 
Review. Crit. Rev. Food Sci. Nutr. 48, 21–49. https://doi.org/10.1080/10408390601062021 
Karlsson, I., Edel-Hermann, V., Gautheron, N., Durling, M.B., Kolseth, A.-K., Steinberg, C., Persson, P., Friberg, 
H., 2016. Genus-Specific Primers for Study of Fusarium Communities in Field Samples. Appl. Environ. 
Microbiol. 82, 491–501. https://doi.org/10.1128/AEM.02748-15 
Karlsson, I., Friberg, H., Kolseth, A.-K., Steinberg, C., Persson, P., 2017. Organic farming increases richness of 
fungal taxa in the wheat phyllosphere. Mol. Ecol. 26, 3424–3436. https://doi.org/10.1111/mec.14132 
Karlsson, I., Friberg, H., Steinberg, C., Persson, P., 2014. Fungicide Effects on Fungal Community Composition in 
the Wheat Phyllosphere. PLoS ONE 9, e111786. https://doi.org/10.1371/journal.pone.0111786 
Keller, M.D., Bergstrom, G.C., Shields, E.J., 2014. The aerobiology of Fusarium graminearum. Aerobiologia 30, 
123–136. https://doi.org/10.1007/s10453-013-9321-3 
Köhl, J., de Haas, B.H., Kastelein, P., Burgers, S.L.G.E., Waalwijk, C., 2007. Population Dynamics of Fusarium 
spp. and Microdochium nivale in Crops and Crop Residues of Winter Wheat. Phytopathology 97, 971–978. 
https://doi.org/10.1094/PHYTO-97-8-0971 
 
 
13 
Kosiak, B., Torp, M., Skjerve, E., Thrane, U., 2003. The Prevalence and Distribution of Fusarium species in 
Norwegian Cereals: a Survey. Acta Agric. Scand. Sect. B — Soil Plant Sci. 53, 168–176. 
https://doi.org/10.1080/09064710310018118 
Liggitt, J., Jenkinson, P., Parry, D.W., 1997. The role of saprophytic microflora in the development of Fusarium ear 
blight of winter wheat caused by Fusarium culmorum. Crop Prot. 16, 679–685. 
https://doi.org/10.1016/S0261-2194(97)00039-2 
Lindblad, M., Gidlund, A., Sulyok, M., Börjesson, T., Krska, R., Olsen, M., Fredlund, E., 2013. Deoxynivalenol and 
other selected Fusarium toxins in Swedish wheat — Occurrence and correlation to specific Fusarium 
species. Int. J. Food Microbiol. 167, 284–291. https://doi.org/10.1016/j.ijfoodmicro.2013.07.002 
Martin, R.A., 1991. Influences of Production Inputs on Incidence of Infection by Fusarium Species on Cereal Seed. 
Plant Dis. 75, 784. https://doi.org/10.1094/PD-75-0784 
Meiser, A., Bálint, M., Schmitt, I., 2014. Meta-analysis of deep-sequenced fungal communities indicates limited 
taxon sharing between studies and the presence of biogeographic patterns. New Phytol. 201, 623–635. 
https://doi.org/10.1111/nph.12532 
Meister, U., 2009. Fusarium toxins in cereals of integrated and organic cultivation from the Federal State of 
Brandenburg (Germany) harvested in the years 2000–2007. Mycotoxin Res. 25, 133–139. 
https://doi.org/10.1007/s12550-009-0017-z 
Millberg, H., Boberg, J., Stenlid, J., 2015. Changes in fungal community of Scots pine (Pinus sylvestris) needles 
along a latitudinal gradient in Sweden. Fungal Ecol. 17, 126–139. 
https://doi.org/10.1016/j.funeco.2015.05.012 
Morrison, E., Kosiak, B., Ritieni, A., Aastveit, A.H., Uhlig, S., Bernhoft, A., 2002. Mycotoxin Production by 
Fusarium avenaceum Strains Isolated from Norwegian Grain and the Cytotoxicity of Rice Culture Extracts 
to Porcine Kidney Epithelial Cells. J. Agric. Food Chem. 50, 3070–3075. 
https://doi.org/10.1021/jf011532h 
Nalim, F.A., Elmer, W.H., McGovern, R.J., Geiser, D.M., 2009. Multilocus Phylogenetic Diversity of Fusarium 
avenaceum Pathogenic on Lisianthus. Phytopathology 99, 462–468. https://doi.org/10.1094/PHYTO-99-4-
0462 
Nicolaisen, M., Justesen, A.F., Knorr, K., Wang, J., Pinnschmidt, H.O., 2014. Fungal communities in wheat grain 
show significant co-existence patterns among species. Fungal Ecol. 11, 145–153. 
https://doi.org/10.1016/j.funeco.2014.06.002 
Nicolaisen, M., Supronienė, S., Nielsen, L.K., Lazzaro, I., Spliid, N.H., Justesen, A.F., 2009. Real-time PCR for 
quantification of eleven individual Fusarium species in cereals. J. Microbiol. Methods 76, 234–240. 
https://doi.org/10.1016/j.mimet.2008.10.016 
Nielsen, L.K., Jensen, J.D., Nielsen, G.C., Jensen, J.E., Spliid, N.H., Thomsen, I.K., Justesen, A.F., Collinge, D.B., 
Jørgensen, L.N., 2011. Fusarium Head Blight of Cereals in Denmark: Species Complex and Related 
Mycotoxins. Phytopathology 101, 960–969. https://doi.org/10.1094/PHYTO-07-10-0188 
Obst, A., Gleissentall, J.L., Beck, R., 1997. On the etiology of Fusarium head blight of wheat in South Germany - 
preceding crops, weather conditions for inoculum production and head infection, proneness of the crop to 
infection and mycotoxin production. Cereal Res. Commun. 25, 699–703. 
O’Donnell, K., Cigelnik, E., 1997. Two Divergent Intragenomic rDNA ITS2 Types within a Monophyletic Lineage 
of the Fungus Fusarium Are Nonorthologous. Mol. Phylogenet. Evol. 7, 103–116. 
https://doi.org/10.1006/mpev.1996.0376 
Oerke, E.-C., Meier, A., Dehne, H.-W., Sulyok, M., Krska, R., Steiner, U., 2010. Spatial variability of fusarium head 
blight pathogens and associated mycotoxins in wheat crops. Plant Pathol. 59, 671–682. 
https://doi.org/10.1111/j.1365-3059.2010.02286.x 
Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O’Hara, R.B., Simpson, G.L., Solymos, P., 
Stevens, M.H.H., Wagner, H., 2013. vegan: Community Ecology Package. 
Parikka, P., Hakala, K., Tiilikkala, K., 2012. Expected shifts in Fusarium species’ composition on cereal grain in 
Northern Europe due to climatic change. Food Addit. Contam. Part A 29, 1543–1555. 
https://doi.org/10.1080/19440049.2012.680613 
Parry, D.W., Jenkinson, P., McLeod, L., 1995. Fusarium ear blight (scab) in small grain cereals — a review. Plant 
Pathol. 44, 207–238. https://doi.org/10.1111/j.1365-3059.1995.tb02773.x 
R Core Team, 2014. R: A language and environment for statistical computing. R Foundation for Statistical 
Computing, Vienna, Austria. 
Reddy, K., Salleh, B., Saad, B., Abbas, H., Abel, C., Shier, W., 2010. An overview of mycotoxin contamination in 
foods and its implications for human health. Toxin Rev. 29, 3–26. 
https://doi.org/10.3109/15569541003598553 
Sapkota, R., Knorr, K., Jørgensen, L.N., O’Hanlon, K.A., Nicolaisen, M., 2015. Host genotype is an important 
determinant of the cereal phyllosphere mycobiome. New Phytol. 207, 1134–1144. 
https://doi.org/10.1111/nph.13418 
Schena, L., Li Destri Nicosia, M.G., Sanzani, S.M., Faedda, R., Ippolito, A., Cacciola, S.O., 2013. Development of 
quantitative PCR detection methods for phytopathogenic fungi and oomycetes. J. Plant Pathol. 95, 7–24. 
 
 
14 
Schoch, C.L., Seifert, K.A., Huhndorf, S., Robert, V., Spouge, J.L., Levesque, C.A., Chen, W., Bolchacova, E., 
Voigt, K., Crous, P.W., Miller, A.N., Wingfield, M.J., Aime, M.C., An, K.-D., Bai, F.-Y., Barreto, R.W., 
Begerow, D., Bergeron, M.-J., Blackwell, M., Boekhout, T., Bogale, M., Boonyuen, N., Burgaz, A.R., 
Buyck, B., Cai, L., Cai, Q., Cardinali, G., Chaverri, P., Coppins, B.J., Crespo, A., Cubas, P., Cummings, 
C., Damm, U., Beer, Z.W. de, Hoog, G.S. de, Del-Prado, R., Dentinger, B., Diéguez-Uribeondo, J., 
Divakar, P.K., Douglas, B., Dueñas, M., Duong, T.A., Eberhardt, U., Edwards, J.E., Elshahed, M.S., 
Fliegerova, K., Furtado, M., García, M.A., Ge, Z.-W., Griffith, G.W., Griffiths, K., Groenewald, J.Z., 
Groenewald, M., Grube, M., Gryzenhout, M., Guo, L.-D., Hagen, F., Hambleton, S., Hamelin, R.C., 
Hansen, K., Harrold, P., Heller, G., Herrera, C., Hirayama, K., Hirooka, Y., Ho, H.-M., Hoffmann, K., 
Hofstetter, V., Högnabba, F., Hollingsworth, P.M., Hong, S.-B., Hosaka, K., Houbraken, J., Hughes, K., 
Huhtinen, S., Hyde, K.D., James, T., Johnson, E.M., Johnson, J.E., Johnston, P.R., Jones, E.B.G., Kelly, 
L.J., Kirk, P.M., Knapp, D.G., Kõljalg, U., Kovács, G.M., Kurtzman, C.P., Landvik, S., Leavitt, S.D., 
Liggenstoffer, A.S., Liimatainen, K., Lombard, L., Luangsa-ard, J.J., Lumbsch, H.T., Maganti, H., 
Maharachchikumbura, S.S.N., Martin, M.P., May, T.W., McTaggart, A.R., Methven, A.S., Meyer, W., 
Moncalvo, J.-M., Mongkolsamrit, S., Nagy, L.G., Nilsson, R.H., Niskanen, T., Nyilasi, I., Okada, G., 
Okane, I., Olariaga, I., Otte, J., Papp, T., Park, D., Petkovits, T., Pino-Bodas, R., Quaedvlieg, W., Raja, 
H.A., Redecker, D., Rintoul, T.L., Ruibal, C., Sarmiento-Ramírez, J.M., Schmitt, I., Schüßler, A., Shearer, 
C., Sotome, K., Stefani, F.O.P., Stenroos, S., Stielow, B., Stockinger, H., Suetrong, S., Suh, S.-O., Sung, 
G.-H., Suzuki, M., Tanaka, K., Tedersoo, L., Telleria, M.T., Tretter, E., Untereiner, W.A., Urbina, H., 
Vágvölgyi, C., Vialle, A., Vu, T.D., Walther, G., Wang, Q.-M., Wang, Y., Weir, B.S., Weiß, M., White, 
M.M., Xu, J., Yahr, R., Yang, Z.L., Yurkov, A., Zamora, J.-C., Zhang, N., Zhuang, W.-Y., Schindel, D., 
2012. Nuclear ribosomal internal transcribed spacer (ITS) region as a universal DNA barcode marker for 
Fungi. Proc. Natl. Acad. Sci. 109, 6241–6246. https://doi.org/10.1073/pnas.1117018109 
Sitton, J.W., Cook, J.R., 1981. Comparative Morphology and Survival of Chlamydospores of Fusarium roseum 
“Culmorum” and “Graminearum.” Phytopathology 71, 85–90. 
Stępień, Ł., Popiel, D., Koczyk, G., Chełkowski, J., 2008. Wheat-infecting Fusarium species in Poland — their 
chemotypes and frequencies revealed by PCR assay. J. Appl. Genet. 49, 433–441. 
https://doi.org/10.1007/BF03195644 
Tedersoo, L., Nilsson, R.H., Abarenkov, K., Jairus, T., Sadam, A., Saar, I., Bahram, M., Bechem, E., Chuyong, G., 
Koljalg, U., 2010. 454 Pyrosequencing and Sanger sequencing of tropical mycorrhizal fungi provide 
similar results but reveal substantial methodological biases. New Phytol. 188, 291–301. 
https://doi.org/10.1111/j.1469-8137.2010.03373.x 
Thrane, U., Adler, A., Clasen, P.-E., Galvano, F., Langseth, W., Lew, H., Logrieco, A., Nielsen, K.F., Ritieni, A., 
2004. Diversity in metabolite production by Fusarium langsethiae, Fusarium poae, and Fusarium 
sporotrichioides. Int. J. Food Microbiol., The European Sporotrichiella project: a polyphasic approach to 
the biology of a new Fusarium species 95, 257–266. https://doi.org/10.1016/j.ijfoodmicro.2003.12.005 
Vujanovic, V., Mavragani, D., Hamel, C., 2012. Fungal communities associated with durum wheat production 
system: A characterization by growth stage, plant organ and preceding crop. Crop Prot. 37, 26–34. 
https://doi.org/10.1016/j.cropro.2012.02.006 
Waalwijk, C., Kastelein, P., Vries, I. de, Kerényi, Z., Lee, T. van der, Hesselink, T., Köhl, J., Kema, G., 2003. Major 
changes in Fusarium spp. in wheat in the Netherlands, in: Xu, X., Bailey, J.A., Cooke, B.M. (Eds.), 
Epidemiology of Mycotoxin Producing Fungi. Springer Netherlands, pp. 743–754. 
Wang, Y., Naumann, U., Wright, S.T., Warton, D.I., 2012. mvabund - an R package for model-based analysis of 
multivariate abundance data. Methods Ecol. Evol. 3, 471–474. https://doi.org/10.1111/j.2041-
210X.2012.00190.x 
Ward, T.J., Clear, R.M., Rooney, A.P., O’Donnell, K., Gaba, D., Patrick, S., Starkey, D.E., Gilbert, J., Geiser, D.M., 
Nowicki, T.W., 2008. An adaptive evolutionary shift in Fusarium head blight pathogen populations is 
driving the rapid spread of more toxigenic Fusarium graminearum in North America. Fungal Genet. Biol. 
45, 473–484. https://doi.org/10.1016/j.fgb.2007.10.003 
Xu, X., Nicholson, P., 2009. Community Ecology of Fungal Pathogens Causing Wheat Head Blight. Annu. Rev. 
Phytopathol. 47, 83–103. https://doi.org/10.1146/annurev-phyto-080508-081737 
Xu, X.-M., Monger, W., Ritieni, A., Nicholson, P., 2007. Effect of temperature and duration of wetness during 
initial infection periods on disease development, fungal biomass and mycotoxin concentrations on wheat 
inoculated with single, or combinations of, Fusarium species. Plant Pathol. 56, 943–956. 
https://doi.org/10.1111/j.1365-3059.2007.01650.x 
Xu, X.-M., Parry, D.W., Nicholson, P., Thomsett, M.A., Simpson, D., Edwards, S.G., Cooke, B.M., Doohan, F.M., 
Brennan, J.M., Moretti, A., Tocco, G., Mule, G., Hornok, L., Giczey, G., Tatnell, J., 2005. Predominance 
and association of pathogenic fungi causing Fusarium ear blight in wheat in four European countries. Eur. 
J. Plant Pathol. 112, 143–154. https://doi.org/10.1007/s10658-005-2446-7 
Zinkernagel, V., Adolf, B., Habermeyer, J., 1997. The spread of Fusarium spp. from the above ground level to the 
ears of wheat. Cereal Res. Commun. 25, 677–679. 
  
 
 
15 
Tables 
 
Table 1 Effect of cropping system (a) (organic or conventional) and agricultural 
intensity index (b) on Fusarium communities on wheat kernels. The agricultural 
intensity index included the amount of nitrogen applied (kg/ha) and the number of pesticide 
applications. Data were analysed with multivariate generalised linear models. One field was 
excluded from the analysis of agricultural intensity due to missing data. ** P < 0.01, * P < 
0.05 
 
  Residual d.f. d.f. Deviance P 
a)         
No. of 454 reads 16 1 36.74 0.009** 
Field pair 6 10 218.2 0.006** 
Cropping system 5 1 23.13 0.11 
b)         
No. of 454 reads 15 1 33.21 0.032* 
Field pair 6 9 190.86 0.005** 
Agricultural intensity 5 1 31.4 0.038* 
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Table 2 Effect of agricultural intensity index on Fusarium operational taxonomic units 
(OTUs) on wheat kernels. The agricultural intensity index included the amount of nitrogen 
applied (kg/ha) and the number of pesticide applications. Twelve Fusarium OTUs were 
included in the analysis but only significantly affected OTUs are shown. 17 fields were 
included and data were analysed with multivariate generalised linear models. * P < 0.05 
 
  OTU 0  
F. graminearum 
OTU 8  
F. tricinctum 
  Deviance P Deviance P 
No. of 454 reads 0.163 0.997 0.061 0.997 
Field pair 51.545 0.012* 14.878 0.874 
Agricultural intensity 0.091 0.912 22.136 0.034* 
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Figures 
 
 
Fig. 1 Map of sampled wheat fields. 
Wheat kernels were collected from pairs of organically and conventionally managed fields 
in Sweden. Fields are paired based on location and wheat cultivar. Some pairs are 
incomplete since kernel samples were not available. Samples from 18 fields were included. 
Organically managed fields are represented by grey dots and conventionally managed by 
black dots. Individual fields within a pair are not always visible when located close to each 
other. O = organically managed field, C = conventionally managed field. 
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Fig. 2 Fusarium community composition and abundance in winter wheat kernels. 
a) Fusarium species composition analysed with 454 sequencing of TEF1 amplicons. b) 
Amount of Fusarium DNA estimated with real-time PCR with Fusarium-specific primers 
targeting the TEF1. Harvested kernels were collected from 18 paired fields in organic (O) or 
conventional (C) production. Field pairs are numbered on a south-western gradient over 
Sweden starting from the north (Fig. 1). 
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Fig. 3 Fusarium community composition in harvested wheat kernels from organic and 
conventional production. 
Non-metric multidimensional scaling (NMDS) ordination of Fusarium communities 
showing a) fields and b) Fusarium operational taxonomic units (OTUs) with fitted 
explanatory variables. Fields are paired and numbered on a south-western gradient starting 
from the north (Fig. 1). Two fields managed with reduced tillage are marked in bold in a). In 
b), the abundances of Fusarium OTUs are represented by the area of the circles and color-
coded as in Fig. 2a. 17 fields were included in the analysis. 
